Hemoglobin mRNA and (rA)n. (dT)lo have been used as primer-templates in a kinetic study of DNA synthesis with Escherichia coli DNA polymerase I (DNA nucleotidyl transferase, EC 2.7.7.7) and Mason-Pfizer monkey virus reverse transcriptase (RNA-directed DNA polymerase). The rate versus enzyme concentration curve is sigmoidal and is consistent with a cooperative phenomenon. The results could be interpreted in terms of the formation of an active complex containing enzyme dimers (or oligomers) on the primer-template. We have also observed sigmoidal kinetics in rate versus deoxynucleotide triphosphate concentration. These results are consistent with an allosteric mechanism in which the triphosphates act as both modifiers and DNA precursors. In the critical range, a 6-to 8-fold increase in both enzyme and triphosphate concentrations can lead to a 1500-fold increase in the rate of synthesis on an RNA template. Thus, small changes in enzyme and precursor concentrations could play a regulatory role in vivo.
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The complexity of the process of polymerization by various DNA polymerases (DNA nucleotidyl transferases, EC 2.7.-7.7) is only partially understood. There are at least five components to the system, namely, primer, template, enzyme, deoxynucleoside triphosphates, and metal ions. Studies of physical interactions between the enzyme and other individual components of the reaction, such as the work of Loeb and coworkers (1) on Escherichia coli DNA polymerase I-Mn++ complexes, and of Kornberg and coworkers (2-4) on the binding sites of E. coli DNA polymerase I, have contributed to an understanding of the system. Such studies are necessarily limited in their bearing on the synthetic process as a whole. In order to learn more about the nature of the interactions which take place during DNA synthesis, all components of the reaction must be present. We have therefore undertaken a kinetic study of DNA synthesis using DNA and RNA templates with E. coli DNA polymerase I. We report in this paper the effect of both polymerase and deoxynucleoside triphosphate concentrations on the rate of DNA synthesis. Rather than simple saturation kinetics we have observed sigmoid curves with RNA primer-templates (as opposed to DNA templates), suggesting a cooperative mechanism.
MATERIALS AND METHODS
Unlabeled deoxynucleoside-5'-triphosphates, (rA)0-(dT)lo, (dA)n (dT)lo, and (dC)0. (dG)12 were purchased from P-L Biochemical Laboratories; labeled triphosphates (18 Ci/mmol) were purchased from Schwarz-Mann. The homopolymer pairs were reannealed by heating at 55-60' for (rA)n0 (dT)lo and (dA).* (dT)lo and at 800 for (dCn*v (dG)12 for 15 min, in 0.05 M Tris, pH 7.8. The mixtures were then allowed to cool slowly to room temperature. The preparation of calf-thymus DNA has been described (5) . Activated DNA was prepared according to the procedure of Aposhian and Kornberg (6) . Hemo Fig. 1 . The third (data not shown) was an intermediate concentration (4 MAI) and fell between the two curves shown. If tightly binding inactive sites were present, the lag portion of the curve would increase with template concentration, followed by a rise which would be steeper than that for the lower template coneentration. This was not observed with (rA)n. (dT)0o (Fig. 1) . Instead, the lag decreased when the template concentration increased. This is consistent with the proposed mechanism of cooperativity. To further substantiate our interpretation, we have done the following experiment. We added (dC)n. (dG)12, which we know to bind polymerase and to produce (dC) (dG).. In the present experiment, however, there was no dGTP to act as the substrate, only dTTP, and the (dC)Q-(dG)12 is, therefore, a source of inactive sites since it will bind enzyme. It can be seen from Fig. 1 (curves 3 and 4) template. Nevertheless, we tested and ruled out the possibility that abnormal kinetics might be produced by destruction of precursors or primer-template by some impurity in the enzyme. The precursor was exposed for 30 Efficacy of Nonprecursor Deoxynucleoside Triphosphates as M1odifiers. It has been shown (2) that polymerase I has one binding site for deoxynucleoside triphosphates in the absence of the primer-template, for which the four compete in the order G>A>T>C. Since we now have evidence for two deoxynucleoside triphosphate sites on the active enzyme-primertemplate complex, it was of interest to examine the competition between the deoxynucleoside triphosphates for these sites. This was made possible by use of (rA)n. (dT)lo as primer-template, for which the sole precursor is dTTP. Fig. 3 In order to determine whether the polymerase concentration alters the modifier effect of the deoxynucleoside triphosphates, a kinetic study was carried out at low and high enzyme concentration. The results are shown in Fig. 4 Fig. 5 , where the dependence of the rate of synthesis on enzyme concentration is the same at two levels of deoxynucleoside triphosphate, 2.2 and 8.2 LAM. Therefore, we deduce that the modifier role of the deoxyntucleoside triphosphate is not related to enzyme oligomer formation on the lrimer-template. Rather, the modifier seems to interact with the preformed enzyme-oligomer-primer-template complex.
The effect of increasing the concentrations simultaneously is dramatic. Thus, in Fig. 4 and at 0.6 pg of protein, the rate is about 300. The combined effect therefore leads to a 1500-fold increase in rate, which is 30 times greater than that predicted from simple kinetics.
DISCUSSION
We have shown using E. coli polymerase I and the polymerase from Mkason-Pfizer monkey virus with both synthetic and natural RNAs as templates, that the rate of DNA synthesis displays sigmoid kinetics as a function of enzyme concentration. Faras et al. (9) also reported, without interpretation, a sigmoid curve using Rous sarcoma virus reverse transcriptase with Rous sarcoma virus RNA, as did Leis and Hurwitz (10) using avian myeloblastosis virus reverse transcriptase with avian myeloblastosis virus RNA (the latter authors also mentioned that similar kinetics had been obtained with various DNAs as templates).* The sigmoid nature of these curves suggests a cooperative phenomenon (in the absence of artifacts); since we feel that we have ruled out the probable artifacts, we feel justified in this interpretation.
The fact that DNA polymerases from varying sources exhibit cooperativity with both natural and synthetic primertemplates in the presence 
